ABSTRACT: Apneic episodes are frequent in the preterm neonate and particularly in active sleep (AS), when functional residual capacity (FRC) can be decreased. Furthermore, FRC may be inversely correlated with the speed of blood-O 2 -desaturation. We evaluated the potential involvement of FRC in the mechanisms responsible for blood-O 2 -desaturation during short central apneic events (Ͼ3 s) in "late-preterm" infants and analyzed the specific influence of sleep state. Apneic events were scored in 29 neonates (postmenstrual age: 36.1 Ϯ 1.2 wk) during AS and quiet sleep (QS). FRC was measured during well-established periods of regular breathing. Apneas with blood-O 2 -desaturation (drop in SpO 2 Ͼ5% from the baseline, lowest SpO 2 during apnea: 91.4 Ϯ 1.8%) were more frequent in AS than in QS, whereas no difference was seen for apneas without desaturation. The magnitude of the FRC did not depend on the sleep state. In AS only, there was a negative relationship between FRC and the proportion of apneas with desaturation. Even in late preterm infants who do not experience long-lasting apnea, blood-O 2 -desaturation during short apneic events is related (in AS but not QS) to a low baseline FRC. Sleep stage differences argue for a major role of AS-related mechanisms in the occurrence of these apneas. 
T he functional residual capacity (FRC) forms part of the body's O 2 reserves and is commonly equated to the lung volume at end-expiration. In the adult, the FRC is determined by the elastic recoil forces of the lungs and the chest wall. In the neonate, the end-expiratory lung volume is actively determined by the breathing pattern (1) (2) (3) (4) . During apnea, very frequent at this age, the ability to maintain an oxygen supply from the existing reserves will be determined by the size of the FRC, the existence of any underlying disorders affecting lung growth and ongoing changes in lung volume and mechanics.
A negative correlation is observed between FRC and arterial oxygen tension and blood-O 2 -desaturation speed (independently of the occurrence of apneic events) (3, 5) . Moreover, because the preterm neonate breathes with a FRC close to the closing volume, the closure of a few regions of the lung could occur and induce intrapulmonary shunting (with normal pulmonary blood flow in unventilated areas) leading to rapid transcutaneous desaturation (6) .
Apneas or irregular breathing in the neonate are associated with reduced FRC (7, 8) . Similarly, a lower FRC is observed if measured within 2 min of an apneic pause (3) . However, the link between apneic events with hypoxemia and FRC remains subject to debate, since Marshall and Kattwinkel (9) did not find any relationship between the incidence of idiopathic apneic events and FRC.
The higher frequency of apneic events commonly observed in active sleep (AS) may be related to a low FRC (2, 10) , although a decrease in FRC is not always found in this sleep state (7, 11) . These conflicting results may be explained not only by various FRC measurement techniques but also because breathing regularity (in addition to the potentially differential effects of sleep state) may have affected the data. However, FRC values did not significantly vary between regular versus irregular breathing patterns, which predominate during active and quiet sleep (QS) respectively (11) . Unfortunately, apneic events with and without blood-O 2 -desaturation were not distinguished.
Many studies have focused on pathologic apneic events (usually considered as those lasting Ͼ20 s or associated with blood-O 2 -desaturation and/or bradycardia). However, there is a need to study the basic physiologic mechanisms underlying short apneic events, which can also be associated with O 2 -desaturation. In addition, late-preterm infants are generally not considered, even though their breathing control is less mature than in full-term infants (12) .
Our hypothesis is that a low baseline FRC is related to the frequency of apneic events, especially those accompanied by blood-O 2 -desaturation, in sleeping "late-preterm" infants. Therefore, we evaluated the potential involvement of FRC in the mechanisms responsible for the occurrence of blood-O 2 -desaturation during short central apneic events (Ͼ3 s) as a function of the sleep state. To take into account any specific sleep state influences, FRC determination was only performed during well established, regular breathing in polygraphically scored active or QS.
MATERIALS AND METHODS
The study was performed on a preliminary trial including 24 neonates at postmenstrual age equivalent to those of late preterm infants. To confirm the relevance of the results, the sample size has been increased up to 29 neonates (10 boys and 19 girls, gestational age: 30.4 Ϯ 1.7 wk, birth weight: 1.341 Ϯ 0.331 kg, postnatal age: 5.7 Ϯ 2.3 wk, body weight: 2.068 Ϯ 0.289 kg). Our sample size was set at a convenient level with respect to the recruitment capacity. Before the study, three neonates did not receive prenatal steroids, 13 required mechanical ventilation, 12 and 10 had received oxygen or caffeine treatment, respectively. At the time of the study, all were healthy and breathing room air spontaneously. The protocol was approved by the Regional Ethics Committee and written informed consent was obtained from the parents.
The measurements were performed during a morning nap (Ͼ3 h long). The diaper-clothed neonate lays in the supine position in a closed incubator (Médipréma ISIS, Chambray-les-Tours, France). Since temperature changes can induce sleep and breathing disturbances (13), the study was performed at thermoneutrality (13, 14) . The room temperature was kept constant at 25°C. The incubator temperature was measured with a thermocouple (placed 10 cm above the center of the mattress), the rectal temperature was monitored with a thermistor probe (inserted 1 cm beyond the anal sphincter) and the mean skin temperature was averaged from abdominal and cheek skin temperatures (thermocouples; accuracy Ϯ0.10°C; Bioblock, Illkirch, France). Body and air temperatures (°C) were sampled at 10-s intervals.
Sleep. Sleep states (AS, QS, and intermediate sleep) were scored (15) on the basis of two electroencephalograms and eye movements (accelerometer attached to an eyelid). Limb movements (accelerometers attached to the wrists and ankles) and the ECG were also recorded (polysomnograph Alice 4, Respironics, Nantes, France). The breathing rate was assessed by transthoracic impedance using the ECG patch electrodes. Oxyhaemoglobin saturation was continuously assessed from the transcutaneous-pulsed O 2 -saturation (SpO 2 ) (Oximax MAX-N, Tyco Healthcare Group LP, Nellcor Puritan Bennett Division, CA) placed on the right hand.
Apnea. Central apneic events were defined as respiratory pauses lasting more than 3 s (16, 17) . Blood-O 2 -desaturation was defined as a drop in SpO 2 of more than 5% when comparing the mean value preceding the apneic event and the lowest value measured during the apneic event (18). Apneic episodes were described in terms of their frequency (h Ϫ1 ), mean and maximum duration (s). The proportion of apneic events with desaturation was calculated as the ratio between their frequency and the overall frequency of apneic episodes (i.e., regardless of their blood-O 2 -desaturation status).
FRC. Functional residual capacity (mL kg Ϫ1 ) was measured during wellestablished episodes of AS and QS using a validated oxygen wash-in washout technique (19, 20) . This method (which consists in rapidly increasing the proportion of inspired O 2 from 21%-100% and maintaining it for a 30-s period) is easy to use and sufficiently accurate for clinical applications, since FRC can be assessed with a bias below 5% (19) .
The circuit has already been described (21) . It comprises a facemask (dead space 1 mL) attached to a pneumotachograph (Statice Santé, Besançon, France, dead space 1.35 mL). This system does not disturb the neonate's ventilatory or sleep patterns (21) . A two-way computer controlled valve (dead space 1.18 mL) could be opened either to the bag containing 100% O 2 (inspiration during the hyperoxic period) or to the incubator air (inspiration during the baseline period and expiration). Breath-by-breath inspired and expired volumes and end-cycles O 2 concentration were measured continuously using a mass spectrometer (MGA-1100, GE Marquette Medical Systems, Milwaukee, WI).
FRC was calculated taking into account the O 2 consumption (evaluated with the mean inspired and expired O 2 fractions over the minute preceding the hyperoxic period), the mean blood Hb concentration, the mean change in SpO 2 (from 96% at baseline to 100% during the test) and the total dead space of the apparatus (19) .
FRC was assessed during regular breathing to analyze the specific sleep state effect and to rule out a possible effect of an irregular breathing pattern on FRC (3, 7) . A period was scored as regular if the respiratory rate was free of sighing or apneic events and if synchronous chest and abdomen movements were present for the 3 min before and during the FRC measurement. The values were corrected by conversion into STPD units. FRC was averaged over two to three measurements in each sleep state (1) (maximum cumulative exposure oxygen: 3 min), as long as the coefficient of variation was below 15% (to ensure good reproducibility). If only one test could be performed in a given sleep state, the FRC value was considered as missing value.
Respiratory parameters (respiratory rate, tidal volume, minute volume, inspiratory and expiratory times, and oxygen consumption) and heart rate were averaged over the 30-s baseline period preceding the hyperoxic period.
Statistical analyses. t tests and analyses of variance were performed (Statview, Cary, NC). When F-values were significant, PLSD post hoc tests were used. Parametric regressions were always confirmed by Kendall's nonparametric correlation coefficient to check that the significance of the regressions was not accounted for by just a few points.
Unpaired t tests compared the influences of low versus high baseline SpO 2 levels on apneic events with desaturation.
The significance level was p Ͻ 0.05. Indicative results were given when relevant. Data were expressed as means Ϯ SD. When data from all sleep stages were pooled, apneic events with blood-O 2 -desaturation did not differ from those without 1.76, NS) . The maximum event duration did not differ in AS compared with QS, either for events with desaturation (t 11 ϭ 1.77, NS) or events without blood-O 2 -desaturation (t 23 ϭ 0.60, NS).
RESULTS

Sleep
The respiratory rate did not differ between AS and QS (t 24 ϭ 1.70, NS). In contrast, the heart rate was higher in AS than in QS (t 26 ϭ 5.98, p Ͻ 0.001).
Regressions were computed for the frequency of apneic events with desaturation, the frequency of apneic events without desaturation and the proportion of apneic events with desaturation, the mean and maximal durations as a function of oxygen consumption and the respiratory parameters measured during the FRC baseline period ( Table 2 ). None of these regressions was significant, except for the overall proportion of apneic events with desaturation (F 1,36 ϭ 6.24, p ϭ 0.017, r 2 ϭ 0.148, Fig. 1 ) and the frequency of apneic events with desaturation (F 1,36 ϭ 3.18, p ϭ 0.083, r 2 ϭ 0.081) relative to minute ventilation: the lower the V E value, the higher the proportion and frequency of apneic events with desaturation.
Although the regression calculated between the proportion of apneic events with desaturation and the baseline level of SpO 2 failed to reach significance ( There was a negative relationship between the frequency of apneic events and FRC (frequency ϭ 76.87 Ϫ 1.143 ϫ FRC; F 1,48 ϭ 4.34, p ϭ 0.043, r 2 ϭ 0.083), i.e., the lower the FRC value, the higher the frequency of apneic episodes (Fig. 2) . This relationship was borderline significant during AS (F 1,26 ϭ 4.17, p ϭ 0.051, r 2 ϭ 0.138) but not significant during QS (F 1,20 ϭ 1.11, NS). FRC value was positively related to SpO 2 value during the baseline period (F 1,50 ϭ 4.38, p ϭ 0.042).
When analyzed according to the type of apnea, no correlation was found between FRC on one hand and apneic events ). * p Ͻ 0.001 between AS and QS. 
DISCUSSION
The present study shows that lower baseline V E and SpO 2 values are positively related to the proportion of apneic events with desaturation (pooled but not when sleep states are considered alone), explaining ϳ15% (significant) and ϳ8% (indicative) of the variability. This was not observed for apneic events without desaturation. Baseline oxygen consumption and heart rate were increased in AS but without any relationship with the proportion of apneic events with desaturation. Overall and in AS but not QS, lower FRC values are related to the frequency, but not to the duration, of all apneic events, explaining ϳ14% of the variability. The proportion of brief apneic events with desaturation is correlated with FRC in AS, explaining ϳ16% of the variability. During QS, in comparison with AS, the duration of brief apneic events without desaturation is increased.
The frequency of apneic events is similar to previous data reported for the same population and methods (22) . Apneic events without blood-O 2 -desaturation were more frequent in AS than in QS. Apneic events with desaturation were not more frequent but had greater mean and maximum durations than those without blood-O 2 -desaturation. Unfortunately, the low number of long-lasting apneic episodes in our population prevented us from analyzing our data according to the duration of the events and extrapolating our results to pathologic apnea.
FRC measurements. FRC was assessed using the oxygen wash-in method (19) , which is well correlated with the He dilution technique (20) . The O 2 -technique can overestimate FRC by about 10% when the tidal volume is low but is highly reproducible (19) . Hence, bearing in mind this systematic overestimation, our overall mean FRC value of 31.2 Ϯ 9.6 mL kg Ϫ1 is within the wide range reported in previous studies (using a variety of other methods) of infants of similar ages and body masses (7, 23) . Part of the difference with previous studies may result from different techniques and populations. Although we took care to limit variability, the intrasubject coefficient of variation for FRC was 13.7 Ϯ 11.1%, which corresponds to somewhat lower reproducibility than previously reported with the He technique (8%) (4 ). We failed to observe a sleep state effect on FRC values as previously reported (7, 11, 23, 24) , probably because we only measured FRC during regular breathing pattern. In contrast, less recent studies found that the FRC was lower in AS (determined by the behavior and/or from electro-oculograms but without EEG data) (2,10). Moriette et al. (7) suggested that FRC was lower during irregular breathing than during regular breathing. Poets et al. (3) confirmed a lower FRC in irregular breathing. Hence, differences in breathing pattern regularity may better account for the above-reported FRC differences (and the higher frequency and proportion of apneic episodes with desaturation during AS) than a specific sleep state effect per se.
We observed that hypoventilation (i.e., V E ) and low levels of baseline blood O 2 saturation are related to apneic events with desaturation. The frequency and the proportion of apneic events with desaturation increase with hypoventilation (Fig.  1) . The proportion of apneic events with blood-O 2 - desaturation increases with lower baseline blood O 2 -saturation measured just before the apneic event. This confirms previous data (25) . As a result, hypoventilation and low basal blood O 2 -saturation values are associated with low O 2 reserves and may increase the likelihood of blood O 2 -desaturation-even during short apneic events. There was no difference between the two types of event in terms of inspiratory and expiratory times, tidal volume, and breathing rate (i.e., all parameters describing changes in pulmonary resistance and compliance). FRC and overall apneic events. We found that FRC was negatively correlated with the frequency of overall apneic events during AS but not during QS. Although a decrease in lung volume following frequent apneic episodes or irregular breathing periods has been observed (3, 23, 24) ; this is the first time (to the best of our knowledge) that a sleep-state dependent relationship has been established between FRC and frequent, short apneic events.
Poets et al. (3) have reported that apneic events decrease the FRC value measured during the following 2 min whereas a sigh redistributes pulmonary volume and reverses the apneainduced decrease in FRC. Our results, pointing out that the FRC value is related to the overall apneic event frequency (i.e., measured over the entire 3-h experiment), confirm that the apnea-induced FRC decrease lasts several minutes. The absence of a significant relationship with the mean duration of apneic events has been described previously (3) .
Low FRC may be related to low arterial PO 2 values in neonates. Although we measured SpO 2 only, the latter parameter is thought to accurately reflect the simultaneous PaO 2 (26); in our work, SpO 2 was negatively correlated with FRC. Recent studies (27, 28) have reported that a low PaO 2 magnifies the peripheral chemoreceptors' contribution to breathing and induces major ventilatory changes. As a result, respiratory instability and increased apnea frequency may be observed. These findings are consistent with the "overshoot/undershoot" concept (29) explaining periodic breathing and according to which increased carotid body activity can promote respiratory instability and apnea when the PCO 2 falls below the apneic threshold (27) . The greater tonic activity of the peripheral chemoreceptors in AS than in QS (30) may exaggerate this phenomenon during the former sleep state.
There is a significant relationship between FRC and the frequency of the apneic events during AS but not during QS. This sleep state difference is difficult to explain and would require further investigation of respiratory mechanics, activity of the respiratory muscles and/or the presence of alveolar shunts after end-expiratory apnea.
FRC and apneic events with desaturation. Our results on the proportion of apneic events with desaturation indicate that lower FRC is associated with an increased likelihood of desaturation during an apneic event. Only Poets et al. (3) have clearly demonstrated that FRC was negatively related to the speed of blood-O 2 -desaturation within 2 min of the FRC measurement; however, they did not consider both apneic events and desaturation.
In the case of a low FRC, the lung's end expiratory volume is close to the closing volume. During apnea, the closure of a few regions of the lung could occur and induce intrapulmonary shunting. A proportion of the desaturated blood circulating through the shunting area would not be oxygenated and would return to the peripheral circulation, inducing the rapid transcutaneous desaturation that can be observed during the apnea (6) . Such a mechanism would be consistent with our results, because the lower FRC was observed with more frequent, short apneic events associated with blood-O 2 -desaturation.
Sleep state and respiratory processes. The sleep state difference in the relationship between apneic events with desaturation on one hand and the FRC value on the other is difficult to explain, given the absence of a significantly lower FRC value during AS. However, the sleep state effect seems to be inconsistent; there were similar results in AS and QS for the frequency of apneic events with desaturation, whereas the relationship between the proportion of these events and the FRC value is not significant during QS. We could speculate that the influence of FRC is overridden by specific, AS-related mechanisms.
Our results suggest that mechanisms other than FRC may be involved in the occurrence of desaturation during apnea. Indeed, for equivalent FRC values, the frequency and proportion of apneic events with desaturation vary from one infant to another: the relationship between the proportion of apneic events with desaturation and FRC only accounts for 16.0% of the observed variance during AS. This event does not seem to be linked to pulmonary mechanics (as observed above).
The higher frequency of apneic events in general (and those with desaturation in particular) observed in AS cannot solely be explained by a reduction in FRC during this sleep state. The fact that our protocol excluded irregular breathing could explain this finding but there is also evidence to suggest that arterial blood oxygenation is lower and more variable during this sleep state (31) . Likewise, the spontaneous hypoxemia threshold is lower and the PaCO 2 threshold for apnea can cause breathing instability. The genesis of apneic events and desaturation during those events is multifactorial; AS versus QS differences in peripheral chemoreceptor activity and/or impairment of pulmonary diffusion (e.g., decreases in the alveolar partial pressure of O 2 ) may contribute to the pathogenesis of such events without any relationship with lung volume changes (30) . Interestingly, the duration of short apneic events appears not to be subject to the same mechanisms, although this needs to be confirmed with longer, pathologic apneic episodes.
In conclusion, in late preterm infants the frequency (but not the duration or proportion) of short apneic events with desaturation are AS-related with minor relationships with ventilation/oxygenation/FRC suggesting that desaturation is more likely to occur with apneic events when these parameters have lower baseline values in AS, a time when heart rate and oxygen consumption are increased. However, brief apneic events without desaturation are not related to these parameters in AS or QS, despite a longer duration of brief central apnea without desaturation in QS. Thus, it is hard to speculate that the AS-linked relationships reported above are signaled by FRC-mediated chemical changes and related to cycles of hypo-and hyperventilation unless it can be demonstrated that such changes are only triggered/only occur in AS. It appears that, at least at baseline, respiratory parameter differences cannot explain the AS influence, nor can lower baseline values of FRC.
